Segmented (tiled) grating arrays are being intensively investigated for petawatt-scale pulse compression due to the expense and technical challenges of fabricating monolithic diffraction gratings with apertures of over 1 m. However, the considerable freedom of motion among grating segments complicates compression and laser focusing. We constructed a real compressor system using a segmented grating for an 18 cm aperture laser beam of the Gekko MII 100 TW laser system at Osaka University. To produce clean pulse shapes and single focal spots tolerant of misalignment and groove density difference of grating tiles, we applied a new compressor scheme with image rotation in which each beam segment samples each grating segment but from opposite sides. In high-energy shots of up to 50 J, we demonstrated nearly Fourier-transform-limited pulse compression (0:5 ps) with an almost diffraction-limited spot size (20 μm). © 2010 Optical Society of America OCIS codes: 050.0050, 140.0140.
For new-generation petawatt laser systems based on the chirped-pulse amplification technique with kilojoule glass laser amplifiers, for example, LFEX [1] or Omega-EP [2] , the required diffraction-grating-size pulse compression exceeds 1 m owing to the extreme fluence. There are several difficulties involved in the manufacture of large-scale gratings in terms of maintaining substrate flatness, coating and linewidth uniformity, and holographic phase uniformity. A segmented (tiled) grating array is one of the realistic solutions to such problems [3] . A segmented grating, however, has considerable freedom of motion, which complicates both pulse compression and beam focusing. For example, grating tip and tilt errors give rise to separation of the beam spot in the far-field pattern, and slight piston and lateral motion errors among gratings cause interference on the pulse shape and beam pattern [4] [5] [6] . In addition, a small mismatch of groove density among element gratings leads to considerable separation of focal pattern in many spots owing to changes of diffraction angles. Several techniques have been proposed to adjust segmentation based on measurements of interference of the beam pattern and on interferometric techniques [7] [8] [9] .
Recently, the image rotation technique has been proposed and demonstrated to compensate the groove density mismatch between two gratings [1, 10, 11] . The diffracted beam from the segment grating is flipped horizontally by mirrors, and then the reversed image beam reenters the same segment grating from the opposite side of the first diffraction. In this scheme, one beam segment experiences both gratings, so that the groove density mismatch is naturally canceled. Using this technique, we built a pulse compressor with a segmented grating for Gekko MII (GMII) 100 TW laser system at Osaka University. In this Letter, we report that the compressed pulse width is stably achieved close to the Fourier transform limit in high-power shots. Also, we successfully obtain a small single focal spot of nearly 20 μm, corresponding to 10 19 W=cm 2 of focused intensity.
The GMII system consists of a Ti:sapphire oscillator operating at 1 μm, a pulse stretcher, a preamplifier based on optical parametric chirped-pulse amplification (OPC-PA), an Nd:glass amplifier, a pulse compressor, and an off-axis parabolic focusing mirror. An 80 fs pulse from the oscillator is stretched to 1:3 ns with 10 nm spectral width in FWHM. After three-stage OPCPA using betabarium-borate crystals, the pulse energy is increased to the millijoule level. The pulse contrast is enhanced by a Pockels cell and is injected into a rod and disk glass amplifier chain to be amplified up to 50 J. The highenergy pulse is then compressed at dielectric coated gratings to be a temporal duration of several hundred femtoseconds and is finally focused onto a target with a F=3:3 off-axis parabolic mirror. Figure 1 shows the optical layout inside the compressor chamber. The gratings in this system have a dielectric coating with 1740 lines=mm. The size of one grating is 40 cm × 20 cm. Although the beam path appears somewhat complicated, the compressor layout is basically a double-pass arrangement composed of two grating pairs (G1-G2/G3 and G2/G3-G4) with image rotation provided by mirrors M2 and M3. The incident beam arrives on G1 with 72:5°incident angle and is diffracted to the G2/G3 segments with a travel distance of 1:35 m. This segment covers a 40 nm bandwidth by taking into account the horizontal output beam size (10:5 cm), which is wide enough for the amplified laser beam with a 3-4 nm spectral width (FWHM). A diffracted beam from left segment G2 (or right segment G3 in another case) is then horizontally inverted to arrive at right segment G3 (or left segment G2), and goes into a second grating pair with the same incident angle and distance. Therefore, this beam-path arrangement is a modification of that of a diamondshaped compressor of the LFEX PW laser [1, 10] . After compression, the laser pulse is delivered into the interaction chamber via mirrors M4, M5, and M6. Transmitted light through M4 is used to monitor the pulse shape with an autocorrelator, the prepulse level with a p-i-n photodiode, and the far-field pattern with a CCD.
As an initial alignment of a segment, we mainly utilize three sensors [12] : a laser line generator for initialization of the plumbed positions of all optics and surface rotation of gratings, a two-dimensional motion sensor for adjustment of piston error within 1 μm, and a three-axis motion sensor (capacitance detector) for monitoring the motion of the grating in vacuum with 1 nm precision. For precise control of grating segments, the grating holder has five axes motions (three for piston motion, one for surface rotation, and one for translation motion along the surface) with 5 nm resolutions. Using these alignment tools, we obtained a clean pulse shape with a 300 fs duration (10 nm spectral width) and a single small spot size (1:4× diffraction limit) by simply adjusting a horizontal tilt of the segment grating for the OPCPA light coming through the whole amplifier chain. The focusing position and pattern are very stable, except for an infrequent split of the spot that is possibly due to rapid modulation of the spectral shape coming from the OPCPA timing jitter (<2 ns) in our system.
In the image rotation layout, a zero-order surface reflection at the segment grating becomes a significant problem, because the reflected pulse at G2/G3 is diffracted at G4 (single-pass compression with the same distance as double pass) and is delivered to the focal point in the same path as the desired compressed pulse. This generates compressed prepulse. In a similar manner, postpulses are created according to a path from G1, G2/G3, M2, M3, and G2/G3 through G4 and a subsequent path with a round-trip time among G2/G3, M2, M3, and G2/ G3. We measured −1 order diffraction efficiencies of 92%-95% and zero-order reflection efficiencies of 5%-8% for 72:5°incidence in 1 μm light. The intensities of both the prepulse and the first postpulse were, therefore, estimated to be 10 18 W=cm 2 as the maximum. To avoid the formation of plasma before the main pulse, we separate the diffracted and the surface reflected beam at the focal point by changing the second incident angle (from M3 to G2/G3) by slightly moving mirrors M2 and M3 (of the order of a few milliradians), keeping with the beam centering on the segment. This breaking of the symmetry of the compressor causes a slight change of dispersion between the left-half and right-half compressors, but it can easily be compensated by adjusting the grating distance in the pulse stretcher (to be ϕ com−R þ ϕ com−L ¼ ϕ 0 str ). On the other hand, one can expect that the larger tilting angles of mirrors leads to a larger separation distance of the prepulse and the main pulse on the focusing point. However, it also causes beam splitting into two spots due to interference of the right and left sides of the beam. With the restriction of minimum separation derived from the target size in the plasma experiment, we decided to separate by a few millimeters to obtain a single spot and large separation simultaneously. Figure 2 shows a streak image (time axis from top to bottom) of a compressed pulse (a) before and (b) after the 3:2 mm separation of the prepulse and the main pulse on the focus points. As shown in Fig. 2(a) , there is clearly a prepulse (top line) and a postpulse (bottom), as well as the main pulse (center), with about a 1=10 contrast ratio at AE21:3 ns from the main pulse, of which timing is exactly the same as the round-trip time of the optical path among G2/G3, M2, and M3. Accordingly, no subpulses are observed after separation.
Under these conditions, we successfully obtained a short pulse width and a small single focal spot at a high-energy shot of up to 50 J. Figure 3(a) shows a compressed pulse shape with 24 J output energy detected with a single-shot second-order autocorrelator. The pulse width is about 470 fs (FHWM), which is nearly the Fourier transform limit, corresponding to a spectral width of 3:5 nm. The shot-to-shot fluctuation on the pulse width is about 460-600 fs. Nevertheless, the spectral width after amplification is almost constant owing to gain narrowing. On the other hand, the focusing pattern is sensitive to the horizontal tilting and surface rotation error of the segment grating. The focal beam pattern completely separates into two spots for 2.5 and 0:5 μrad horizontal tilting and rotation error, respectively. However, the piston and lateral motion and vertical tilting do not affect the pulse shape and focusing pattern owing to image rotation. Adjusting these errors by checking the far-field pattern using a low-energy full-aperture pulse before the main shot, we obtained a single spot in a typically 20 μm spot diameter. Figure 3 focusing pattern taken with an x-ray pinhole camera at about 40°of view angle from the target normal direction when a 5 J laser pulse is irradiated on a flat Al target. The spot size is about 20 μm × 25 μm (FWHM), which is about 2-2.5 times the diffraction limit. Even when the laser energy increases to 50 J, we obtain a similar focal pattern with fluctuations of about 20-30 μm in diameter.
From the viewpoint of a laser-plasma experiment, the existence of preformed plasma created by a high-level prepulse is a significant problem. To estimate the size of the plasma, we use an optical interferometric technique that uses a probe beam with 5 ps temporal windows. In the result, no fringe shift on the target surface is observed up to 150 ps before the main pulse. Thus, we conclude that the target ions are almost immobile until the time of interaction with the main pulse, considering ion sound speed. From the observations with an optical streak camera (temporal windows of up to AE25 ns) and an autocorrelator (AE5 ps), we obtained no intense prepulse or pedestal (detection limit of contrast ¼ 1=100), so that one can expect no preformed plasma before interaction.
In summary, we constructed a high-energy and intense laser system using a segmented grating array in the pulse compressor. A 50 J=100 TW pulse is stably available in the system. The compressed pulse and the focusing size are typically 500 fs and 20 μm in diameter at higher-energy shots, corresponding to 10 19 W cm 2 of laser intensity. 
